We used left ventricular myocytes from adult rats to investigate the effect of 4f.-phorbol 12-myristate 13-acetate (PMA) and of sn-1,2-dioctanoylglycerol on the membrane association of protein kinase C (PKC), cytosolic [Ca2], (Cai) homeostasis, and the contractile properties of single cardiac cells. Because PKC activity is known to be highly Ca2+ sensitive, the K+ concentration of the bathing medium was raised from 5 to 30 mM in some experiments, a perturbation known to depolarize the cell and increase Cai. In cell suspensions both PMA (3 x 10-and 3 X i0`M) and DiC-8 (10-`and 10-4 M) increased membrane association of PKC. The effect of PMA (10-`M) on PKC translocation was enhanced in 30 mM KCI compared with 5 mM KCI. During steady field stimulation at 1 Hz in 1 mM bathing [Ca2+], both PMA (10-`M) and DiC-8 (10-`M) decreased twitch amplitude to approximately 60% of control in 5 mM KCI, and the negative inotropic effect of either drug was more pronounced in 30 mM KCI than in 5 mM KCI. In single cardiac myocytes loaded with the Ca2+ indicator indo-1 and bathed in 5 mM KCI, we simultaneously measured cell length and Ca;. The myofilament responsiveness to Ca21 was assessed by the relation between contraction amplitude and the peak of the Ca; transient. The negative inotropic effect of both PMA and DiC-8 was related to a diminished amplitude of the Ca; transient and not to a decreased myofilament responsiveness to Ca2 . In the absence of electrical stimulation, PMA (10`M) and DiC-8 (10`M) decreased the frequency of contractile waves due to spontaneous Ca2+ release from the sarcoplasmic reticulum, and DiC-8 also decreased resting Ca;. Thus, activation of PKC, which is thought to occur as part of the response of cardiac muscle to el-adrenergic stimulation, is associated with a negative inotropic action due to a smaller Ca; transient rather than to a decrease in the myofilament responsiveness to Ca>2. These effects on the membrane association of PKC and on contractility are enhanced by cell depolarization achieved by raising [KCI] in the bathing medium. (Circulation Research 1990;66:1143-1155 Studies in a variety of tissues have shown that c a1-adrenergic stimulation causes the hydrolysis of phosphatidylinositol 4,5 -bisphosphate in the plasma membrane and leads to the production of Presented in part in abstract form (Fed Proc 1986;45:209, Fed Proc 1986;45:210, and Biophys J 1987;51:112a two second messengers, inositol 1,4,5 -trisphosphate (IP3) and 1,2-diacylglycerol (DAG).1,2 Phosphosinositide metabolism also occurs in the heart during a1-adrenergic stimulation,3-7 but it is unclear whether 1P3, DAG, or their metabolites play a role in modulating myocardial cell function.
perturbation known to depolarize the cell and increase Cai. In cell suspensions both PMA (3 x 10-and 3 X i0`M) and DiC-8 (10-`and 10-4 M) increased membrane association of PKC. The effect of PMA (10-`M) on PKC translocation was enhanced in 30 mM KCI compared with 5 mM KCI. During steady field stimulation at 1 Hz in 1 mM bathing [Ca2+] , both PMA (10-`M) and DiC-8 (10-`M) decreased twitch amplitude to approximately 60% of control in 5 mM KCI, and the negative inotropic effect of either drug was more pronounced in 30 mM KCI than in 5 mM KCI. In single cardiac myocytes loaded with the Ca2+ indicator indo-1 and bathed in 5 mM KCI, we simultaneously measured cell length and Ca;. The myofilament responsiveness to Ca21 was assessed by the relation between contraction amplitude and the peak of the Ca; transient. The negative inotropic effect of both PMA and DiC-8 was related to a diminished amplitude of the Ca; transient and not to a decreased myofilament responsiveness to Ca2 . In the absence of electrical stimulation, PMA (10`M) and DiC-8 (10`M) decreased the frequency of contractile waves due to spontaneous Ca2+ release from the sarcoplasmic reticulum, and DiC-8 also decreased resting Ca;. Thus, activation of PKC, which is thought to occur as part of the response of cardiac muscle to el-adrenergic stimulation, is associated with a negative inotropic action due to a smaller Ca; transient rather than to a decrease in the myofilament responsiveness to Ca>2. These effects on the membrane association of PKC and on contractility are enhanced by cell depolarization achieved by raising [KCI] in the bathing medium. (Circulation Research 1990; 66:1143 -1155 Studies in a variety of tissues have shown that c a1-adrenergic stimulation causes the hydrolysis of phosphatidylinositol 4,5 -bisphosphate in the plasma membrane and leads to the production of this enzyme.14,15 Tumor-promoting phorbol esters, which can substitute for DAG and directly activate PKC,15 have been used to study the functional sequelae of PKC activation in cardiac muscle. A negative inotropic effect of 4,B-phorbol 12-myristate 13-acetate (PMA) has been shown in cultured chick16 and rat17 myocardial cells and in rat papillary muscles,18 and both PMA and DAG analogues decrease contractility in the perfused beating rat heart.19 In contrast, a recent study6 has shown that the phorbol ester phorbol 12,13-dibutyrate has no effect on the contractile force of rat papillary muscles.
Two general mechanisms through which the contractility of the cardiac myocytes can 
PKC Assay
The viability of myocytes used for PKC assay was determined by microscopic observation 30 minutes after resuspending the cells in 1.8 mM Ca0. Myocytes were considered viable when they had a rod-shaped appearance and showed no evidence of blebs or granulations. Only cell suspensions with a viability greater than 70% were used for PKC determination.
Myocytes used in assessing subcellular distribution of PKC were suspended at 8x104 to 20 x 104 cells/ml in Earle's balanced salt solution containing 1 mM MgCl2, 1 mM CaCl2, 15 mM glucose, and 0.5% bovine serum albumin in siliconized 25-ml Erlenmeyer flasks and gassed with 95% 02-5% CO2 at 370 C. After treatment with PMA (Sigma Chemical, St. Louis, Missouri) or DiC-8 (Avanti Polar Lipids, Birmingham, Alabama), 0.8-1.0 ml cell suspension was pelleted by centrifugation in a microfuge (Beckman Instruments, Fullerton, California) for 3-5 seconds, the medium was removed, and cells were quickly suspended and homogenized with a Teflon-glass homogenizer at 104 cell/ml in cold buffer containing 0.25 M sucrose, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 5 mM ethyleneglycol-bis-(13-aminoethyl ether)-N,N, N',N'-tetraacetic acid (EGTA), 5 mM dithiothreitol (DTT), 1 mg/ml fatty acid-free bovine serum albumin (Miles Laboratories, Elkhart, Indiana), and 50 ,ug/ml leupeptin (Sigma Chemical) (pH 7.5). The homogenate was centrifuged at 27,000g for 15 minutes at 40 C; the cytosolic supernatant was saved, and the particulate fraction was resuspended in an equal volume of homogenizing buffer. Both cytosolic and particulate fractions were treated with 0.4% Triton X-100 for 1 Translocation of PKC (i.e., redistribution from cytosol to membranes) was measured by determining the ratio of particulate activity/total activity (total activity is soluble plus particulate activity).
All values are reported as mean± SEM.
Contractile Measurements
After the dissociation procedure, 1 ml cell suspension was plated in each of several 35-mm plastic Petri dishes that had been pretreated with a medium supplemented with 5% fetal calf serum to favor attachment of only the viable myocytes. To measure cell length, a Petri dish was placed on the stage of an inverted microscope equipped with phase-contrast optics, and the cells were continuously superfused with HEPES buffer of the following composition (mM): NaCl 137, MgSO4 1. It has recently been shown that, when cardiac myocytes are loaded with the ester derivative of indo-1, significant compartmentalization of the indicator occurs in the mitochondria. 27 Because the degree of compartmentalization is not identical in all myocytes, this prevents the use of a standard calibration curve to determine the absolute value of Cai. For this reason, the indo-1 signals shown in this study are not calibrated; their purpose is to show directional changes in indo-1 fluorescence ratio, which is taken as an indicator of Cai.
Statistical Analysis
Statistical analysis was performed by either paired t test or analysis of variance. A value of p<0.05 was taken to indicate significance.
Results

Effects of PMA and DiC-8 on PKC Translocation
Translocation of PKC in rat myocytes caused by PMA is shown in Figure 1 . Measurements of the ratio of particulate/total activity were obtained after a 10-minute exposure to the drug, a time that in preliminary experiments had proven sufficient for maximal membrane association of PKC. The total activity of PKC averaged 24.5 pmol/min/104 cells, and PMA (10-7 M) caused a threefold increase in P/S+P, with negligible loss of activity and over 60% of total PKC present in the particulate fraction; no further enhancement of the response was obtained at higher concentrations of PMA (not shown). Figure 2 shows the time course of the membrane association of PKC in response to 10`M PMA. Figure  4) . The upper tracing of Figure 4A shows the marked negative effect of PMA on twitch amplitude in a representative rat myocyte continuously stimulated in a buffer containing 30 mM KCl. The lower tracings in Figure 4A show individual twitches at a fast chart speed obtained in control and when the effect of the drug was maximal (see legend to Figure 4 (Figure 4 ). This figure also shows that the decrease in twitch amplitude determined by DiC-8, unlike that of PMA, is at least partially reversible with washout of the drug.
From the data presented so far it is evident that both PMA and DiC-8 have a negative inotropic effect on adult rat cardiac myocytes. In the subsequent experiments, we have used cells loaded with the Ca2+ probe indo-1 to assess whether the changes in Caj underlie the effect of PMA and DiC-8 on twitch amplitude. Figure 7 shows that the negative inotropic 12-myristate 13-acetate on the time course ofthe translocation ofprotein kinase C (PK-C) in suspensions of rat left ventricular myocytes bathed in either 5 mMKCl (-; n=6) or 30 mM KCl (,A; n=4). The points at 10 minutes were obtained from 13 and 11 determinations made in 5 and 30 mM KCl, respectively. As in Figure 1 , total PK-C activity remained stable throughout the course of the experiment. Figure 3B and is for myocytes studied under similar conditions but exposed to 10-7 M 4[3-phorbol 12-myristate 13- Figure 7 , the tracings in A and B were obtained at the times indicated in the upper continuous recording, and in C they were overlaid. From of spontaneous SR Ca2' oscillations, which in single cardiac myocytes are manifest as spontaneous contractile waves; DiC-8 also decreases Cai. Thus, two agents that determine membrane association of PKC in cardiac muscle have a negative inotropic effect.
It should be noted that PMA, in the dosage range studied, has a far greater effect on the membrane association of PKC than does DiC-8. The translocation by 10-5 M DiC-8 is much less than that caused by 10-7 M PMA, yet 10`5 M DiC-8 has a negative inotropic effect of magnitude and time course similar to that of 10-7 M PMA. The most likely cause for this discrepancy may reside in a relatively weak and reversible membrane association of PKC caused by DiC-8, in contrast to a tight and irreversible association known to be caused by PMA.35 This may result in an underestimate of in situ PKC membrane association caused by DiC-8 and preclude a strict correlation between PKC translocation by DiC-8 and PMA and their effect on contractility.
Other possibilities could be considered. The physiological response to PMIA and DiC-8 might saturate at levels of PKC translocation below the maximal level achieved with i0-`M PMA. Alternatively, it is possible that only one of different PKC subspecies36 may be responsible for the physiological response described in this paper. In this case, biochemical In control this representative rat myocyte was stimulated from rest at 0.5 Hz in 0.5 mM Cao (left tracing). The stimulation protocol was repeated in thepresence of10 5MDiC-8 in 0.5 mM Cao (middle tracing) and in 4 (Figures 7 and 8) . Thus, increased Ca2+ extrusion across the sarcolemma that overrides any enhancement in SR Ca2+ uptake appears the most likely mechanism for the decrease in contractile wave frequency and in resting Ca, and for the negative inotropic action of PMA and DiC-8. A recent report56 has shown that in rat papillary muscle PMA reduces intracellular Na+ activity and increases Ca2' efflux in rat myocytes. These effects, which could result from activation of the Na+-K+ pump and/or Na4Ca2' exchange, may provide an explanation for the negative action of PMA.
Our results also exclude a decreased myofilament responsiveness to Ca'4 after exposure to PMA or DiC-8 as a cause for the negative inotropic action of these drugs. PKC has been shown to phosphorylate cardiac troponin I and T,57 and although the physiological significance of phosphorylation of troponin T is unknown, there is evidence to suggest that phosphorylation of troponin I leads to a decrease in the myofilament sensitivity to Ca2+.58-61 In many nonmyocardial tissues, PKC activates Na-H exchange,62-64 with extrusion of H' ions from the cell, secondary intracellular alkalinization, and accumulation of intracellular sodium ions. Such an increase in intracellular pH, which has been shown to occur also in rat ventricular myocytes loaded with a fluorescent pH indicator and exposed to PMA and a DAG analogue,65 would lead to an increase in myofilament sensitivity to Ca2+66 and cause the well-known positive inotropic effect of alkalosis in cardiac muscle. 67 However, it should be considered that, if phosphorylation of troponin I and intracellular alkalosis both occurred after exposure to PMA or the DAG analogue, their opposing effects on myofilament sensitivity to Ca 2 could balance each other and prevent an increase in myofilament responsiveness to Ca 2 ( Figures 9C and 9E ). The variation in effect shown in Figure 9 could be due to a difference in intracellular pH among cells, and further studies are required to elucidate this problem. Because PKC activation occurs during a-adrenergic stimulation of the myocardium,68 it is of interest to discuss the experimental results described in this paper in the context of the known physiological effects of a-agonists on myocardial contractility. Although the positive inotropic action of a-adrenergic stimulation has been extensively described and characterized,6,70-75 several reports have indicated that aadrenergic agonists can also have a persistent negative inotropic action.20'21'75 The positive effect of a,-adrenergic stimulation appears secondary, at least to a considerable extent, to an increase in the myofilament sensitivity to Ca +69,70,76 and does not reflect only an augmentation of the Caj transient; contrasting reports have suggested either an enhancement71 or no effect72'73 of a,-stimulation on the slow inward Ca 2 current (IQ). However, regardless of the cause of the positive effect of a,-receptor stimulation, it seems that under certain conditions a negative feedback loop may predominate. A transient decrease in developed force is known to occur as part of the response of myocardial tissue to stimulation of a1 receptors74: it precedes the increase in contractility, and this short-lived decrease in developed force can be prevented by preexposure of the tissue to PMA.6,18 A persistent negative effect of a-adrenergic stimulation has been described in rabbit papillary muscles stimulated at high frequency,75 in rat hearts bathed in high Ca0, 21 and, more recently, in single cardiac myocytes in high Ca0. 20 Our results (the present study and Reference 20) and the findings of others16-'9'21'75 are consistent with the hypothesis that, during a,-adrenergic stimulation of cardiac muscle, at least two pathways may be activated with opposite effects on contractility. As cell Ca24 loading exceeds a set point before a1-adrenergic stimulation, the mechanism that has a negative effect on the inotropy of the heart and that could relate to activation of the Ca2-sensitive PKC by DAG may predominate over the mechanism that enhances contractility; thus, an explanation would be provided for reports20'21'75 of a negative contractile effect of aladrenergic stimulation of the myocardium under conditions that tend to increase cell Ca'4 loading.
